An integrated water resource management programme has been under way since 1999 to reduce agricultural water pollution in the River Mincio fluvial park. The experimental part of the programme consisted of: a) a monitoring phase to evaluate the impact of conventional and environmentally sound techniques (Best Management Practices, BMPs) on water quality; this was done on four representative landscape units, where twelve fields were instrumented to monitor the soil, surface and subsurface water quality; b) a modelling phase to extend the results obtained at field scale to the whole territory of the Mincio watershed. For this purpose a GIS developed in the Arc/Info environment was integrated into the CropSyst model. The model had previously been calibrated to test its ability to describe the complexity of the agricultural systems. The first results showed a variable efficiency of the BMPs depending on the interaction between management and pedo-climatic conditions. In general though, the BMPs had positive effects in improving the surface and subsurface water quality. The CropSyst model was able to describe the agricultural systems monitored and its linking with the GIS represented a valuable tool for identifying the vulnerable areas within the watershed.
Introduction
The conservation of natural resources has become a primary goal in densely populated northern Italy. Intensive farming has raised many problems in terms of soil sustainability and water pollution. Nitrates are one of the most important factors affecting water quality. The Nitrate Directive (91/676/EEC) approved by the European Community in 1998 sought to prevent water pollution by nitrates from agricultural sources. A series of measures had to be undertaken by EU countries, among these the adoption of environmentally sound techniques (good farming practice code). In protected and vulnerable areas, such as natural parks, the competition between environment and agriculture is very critical and severe measures should be taken to minimise the non-point source pollution.
The Mincio river park is an interesting natural area in northern Italy. It is a regional fluvial park characterized by unique landscape features such as morainic hills, resurgence zones, wetlands, etc. These natural elements are in a typical rural environment, where the impact of anthropic activities is very high. The major problems regard the quality of surface and groundwater. The Mincio river has medium-low water quality (Franchini, 2001) and the nitrate concentration in the groundwater has been found in some areas to be higher than 50 mg l -1 . A close relationship exists between water pollution and intensive animal husbandry (Baraldi and Zavatti, 1994) . With the aim of reducing agricultural water pollution in the park a monitoring programme of the Provincial Administration of Mantova with the collaboration of the University of Padova has been under way since 1999. The specific objectives of the project were: 1) to describe the main farming systems in the area and their potential impact; 2) to test on real farms, the validity of more environmentally sound techniques to reduce N losses; 3) to set up a series of demonstration fields to carry out the monitoring and organise extension activities; 4) to propose a local code of Best Management Practices (BMPs); 5) to extrapolate the results obtained in the fields to the River Mincio watershed.
This paper presents the general framework of the project with the methods used and the initial results obtained in the integrated monitoring-modelling phases.
Material and methods
The integrated programme was organised in the following steps: 1) selection of representative farms; 2) installation of field monitoring devices; 3) initial and periodic surveys on soil, water and crop; 4) mathematical representation of the cultivation systems with the CropSyst model; 5) integration of a Geographical Information System (GIS) into CropSyst and extrapolation of the results to a sample area (Goito municipality) in the Mincio watershed.
The site
Within the Mincio watershed, the fluvial park extends over a surface area of about 17,400 ha, enclosed to the north by Lake Garda and to the south by the river Po. The site comprises unique landscape elements ( Figure 1 ). The north is characterised by a hilly morainic landscape (Morainic area), with gravelly soils. Going down river, there are zones of recharge of the deep aquifers, with highly weathered soils (High gravelly plain), followed by a medium plain with silty or clay loam soils and a low alluvial plain with deep heavy soils. Other areas of particular naturalistic significance are the fluvial terraces formed by the eroding action of the Mincio river (Fluvial terraces).
Monitoring activities
Monitoring was done on four farms, representative of the most interesting landscape units, between May 1999 and September 2001. Within the farms, twelve 0.5 ha fields were chosen to compare conventional cultivation systems with some practicable BMPs (Borin et al., 2001) . The latter include cover crops during the winter, the adoption of more efficient irrigation systems, the conservation of permanent meadows and the efficient use of animal manure (Table 1 ).
Figure 1 Landscape units of the Mincio watershed
On the farm located on the morainic hill (farm 1), with a typical viticultural-animal husbandry farming system, the problem studied was the substitution of the traditional meadow with the more intensive maize. The second farm (farm 2) is located on the fluvial terraces, a highly vulnerable zone. The fields are usually irrigated with inefficient surface systems that enhance water percolation. The recycling of animal waste is the main problem faced by farms 3 and 4. Moreover, farm 3 is located in a valuable natural environment characterized by extensive wetlands. Two types of organic manure were compared on farm 4: swine and bovine liquid manure. The average yearly fertilisations applied by the farmers during the monitored period are reported in Table 1 .
Depending on the farm environment, various kinds of monitoring devices were installed to evaluate the environmental effects of the conventional and alternative cultivation systems (Table 1) : a) TDR probes to measure soil moisture; b) ceramic cups and plates to collect samples of percolation water below the root zone; c) piezometers, 3 m deep, to measure water table depth and collect groundwater samples; d) runoff collector systems. Percolation and groundwater were sampled periodically and analysed for NO 3 -N, electrical conductivity (Ecw) and pH. Runoff samples were also analysed for sediment, TKN, P-tot and orthophosphate. Soil samples were collected monthly, at 0-15 and 15-30 cm depth, to analyse organic matter, TKN and NO 3 -N contents. Data were also collected on crop management and yield.
The Kruskal-Wallis test and the multicompare procedure based on average ranks were applied to evaluate water quality data (Freund and Wilson, 1993) .
Model Implementation
The studied cultivation systems were implemented with the CropSyst model. CropSyst is a one-dimensional, multi-year, multi-crop, daily time step crop growth simulation model, developed with emphasis on a friendly user interface (Stöckle and Nelson, 1994) . It can simulate the effects of cropping systems in terms of crop production, nitrogen losses and erosion. The model is a physical-based model and has already been tested with satisfactory results in northern Italy (e.g. Donatelli et al., 1997; Giardini et al., 1998 2000). The model was applied on the monitored farms to evaluate its reliability and sensibility in simulating the complex soil-climate-management interactions and subsequently to extend its application over the entire watershed. For this reason only a rough calibration was carried out, utilising crop parameter files already calibrated by the other authors in northern Italy. The simulated data were compared with observed soil moisture, nitrate concentration in the soil and percolation water, crop biomass and yields.
GIS integration into the model
In order to implement the model on a territorial scale a Geographical Information System was realised in the Arc/Info environment. A vector-based model was used to represent the spatial information. The GIS allowed: a) to retrieve and pre-process the data to be input in the model; b) to post-process the data for displaying and drawing the maps (Figure 2) . Specific software was written in AML (Arc/Info Macro Language) to enable management of the huge amount of soil, weather and management data referring to the territory. The information was highly detailed because the model was applied at census scale. A census unit comprises one or more fields, but in general does not exceed 1.5 ha. The geo-database was linked with alphanumerical databases storing information on the management practices in the census units in the past years. In particular it was possible to retrieve information on crop successions, quantity and type of organic and mineral fertilisers applied, environmental protection measures undertaken by the farmers. The census coverage was then overlaid with the weather, irrigation and soil coverages to obtain a simulation map that contained all pedological, climatic and management data input for the model. The pedological coverage was derived from the pedological map drawn up by the Lombardy Regional Administration. The hydraulic profile properties were estimated applying pedotransfer functions starting from elementary soil properties. A pilot application was conducted in the first phase to test the integration procedure and, at the same time, to explore the vulnerability of the Goito municipality, an area within the resurgence plain and fluvial terraces. For this purpose, the analysis was restricted to the farms associated with the main farming association of the municipality. 
Results and discussion

Monitoring activities
The holistic approach adopted in the study allowed the integrated effect of the cultivation systems to be determined. Single effects of the BMP were only indirectly inferred by comparing the systems. Results on NO 3 -N concentrations in percolation water from May 1999 to March 2001 are presented below.
The highest values (Figure 3) were observed on farm 4, where significant amounts of liquid manure were distributed. In the continuous maize successions (M-b and M-s) the distribution of the values was skewed and exceeded 200 mg l -1 in 25% of cases. The enhanced ET and adsorption of the cover crop (ryegrass) in LM-b and LM-s allowed percolation and nitrogen leaching to be reduced during winter-spring. The median concentration was around 75 mg l -1 and values seldom exceeded 200 mg l -1 . No significant differences were observed applying swine or bovine liquid manure. On farm 3 the effect of the cover crop was not evident. The highest amount of N applied on the L-M (Table 1) was probably not promptly adsorbed by the crop during the drainage season, causing a worsening in water quality (Figure 3) . The mean concentration, 74 mg l -1 , was about double that observed in the continuous maize succession (48 mg l -1 ) and alfalfa (44 mg l -1 ). These two systems did not differ significantly. The permanent meadow system had a positive effect in reducing the nitrogen concentration in the hilly environment (farm 1). Most values were lower than 25 mg l -1 . On the contrary, in the continuous maize succession, 25% of the values exceeded 50 mg l -1 , with peaks of over 150 mg l -1 . The percolation water quality was similar in the three systems on farm 2. The high irrigation volumes applied during the growing seasons probably smoothed the differences. On the contrary there were significant differences in the soil water dynamics, with more percolation samples collected in the maize irrigated with the surface system. The highest percolation could have caused the highest N losses, as spotlighted by the model simulations. Table 1 for the crop system abbreviations various hydraulic and meteorological conditions, simulating the soil water dynamics acceptably in all four landscape units. The hydrological model performances were improved considering the water table as lower boundary condition in the simulations carried out on farm 4, where the water table ranged between -40 and -180 cm. However, there are some evident discrepancies, especially during the growing seasons. On farm 1 the high gravel content introduced a significant source of variability. Even with these problems the simulations of NO 3 -N gave satisfactory results (Figure 4) . The model was able to correctly describe the wide oscillations observed in the first 30 cm, caused by fertilisation, nitrification, leaching, etc.
Model testing and territorial simulations
CropSyst was demonstrated to be a robust tool capable of describing the differences among the complex agricultural systems even without a fine calibration. Consequently it was implemented in the selected vulnerable area. More than 1800 singular census units, for a total surface area of 2,200 ha were identified by the overlay of the different thematic maps. For each of them seven-year simulation runs, from 1994 to 2000, were performed with the current management. Maps of crop biomass and yield, water and nitrogen balance were thus obtained. Figure 5 presents the map of average nitrogen losses at field scale. An increasing trend from west to east is evident: in the west losses are usually under 100 kg ha -1 , while on the contrary in the east losses are usually above 100-150 kg ha -1 . This spatial variability depends primarily on the pedological conditions. The east is characterised by shallow gravelly loam soil. The soil water retention capacity is consequently limited and percolation phenomena are enhanced. Moreover, to prevent water stress, high irrigation volumes are applied by the farmers with inefficient surface systems. A second important factor is the high annual N loads associated with the animal husbandry activities, which are very intensive in the east of the area. N loads are generally above 250 kg ha -1 , but values of 300-400 kg ha -1 are not unusual. In these sensitive zones environmentally sound techniques should be adopted that can increase the efficiency of the water and nitrogen cycles, with the aim of reducing the agricultural non-point source pollution.
Conclusions
The integration between field and modelling activities allowed a methodology to be set up to estimate the potential impact of conventional and alternative agricultural systems on the water quality in the territory of the Mincio River watershed. The activity carried out at field scale offered a real picture of the possibility of reducing N losses by adopting some BMPs, but the results from the two years of monitoring differ and are sometimes contrasting, depending on the interactions between management and pedo-climatic conditions. For example, the positive role of soil covering with meadow and winter cover crops was not always evident. The field data were also useful for testing the CropSyst model that, given its good performances, was used as a tool to link field and territory scales. This model, combined with the Arc/Info GIS allowed a series of thematic maps to be drawn up, in which the sensitivity of the land is combined with the potential risk of N losses. The potential practical usefulness of this instrument is enormous. Firstly, it has been possible to focus on the more critical situations and set up a system of alert in a pilot application. It can therefore F. Morari et al.
281 Figure 5 Yearly NO 3 -N losses in the pilot application area be used to grade subsidies according to a priority ranking, to compare different scenarios, to elaborate sustainable development programmes and so on.
